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Effect of glycine on medullary thick ascending limb injury in
perfused kidneys
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Effect of glycine on medullary thick ascending limb injury in perfused
kidneys. The addition of 2 mri glycine to the recirculating perfusate of
isolated perfused rat kidneys almost completely prevented the severe
morphological injury to tubular cells lining the medullary thick ascend-
ing limb (mTAL) that normally develops in this preparation. Glycine
was similarly effective in reducing mTAL injury associated with hy-
poxic perfusion, indomethacin and amphotericin. Fractional reabsorp-
tion of sodium was increased with glycine, without any change in
perfusate flow to the whole kidney and without consistent improvement
in GFR. L-alanine demonstrated a similar though less pronounced
cytoprotective action, but glutamine, cysteine, glutamate, cysteine plus
glutamate, 1-serine and 4-aminoisobutyric acid all had little or no effect
in preventing severe mTAL injury. The protective effect of glycine was
unimpaired by the arginine analogue NGmonomethyllarginine (L-
NMMA), suggesting that the endothelial-derived relaxing factor, NO,
was not involved. The action of glycine was not reduced by the addition
of a substrate (benzoate) or a product (hippurate) of the glycine
N-acyltransferase reaction. Glycine did not depress the respiration of
dispersed mTALs prepared from rat kidneys. The cytoprotective effect
of glycine in the mTAL of perfused kidneys, shared with 1-alanine,
appears to be relatively specific for these amino acids and probably
unrelated to a diminution in cell work.
During isolated perfusion of the rat kidney, a specific lesion
produced by hypoxic injury, which progresses from mitochon-
dna! swelling to nuclear pyknosis and complete cellular disrup-
tion, appears in the medullary thick limb (mTAL) of Henle's
loop [1, 2]. Functional consequences of this injury include a
decline in fractional sodium reabsorption and a decrease in
concentrating ability. The addition of a mixture of 20 amino
acids to the perfusate attenuates the damage, as does the
addition of glutathione or its three amino acid precursors,
glycine, cysteine and glutamic acid, in combination [3]. Be-
cause glycine alone appears to have a cytoprotective effect in
dispersed rabbit proximal tubules exposed to anoxia [4—6], we
attempted in the present experiments to test the effects of
glycine on the development of mTAL damage in isolated
perfused rat kidneys. Glycine added to the recirculating perfus-
ate provided protection against hypoxic damage to medullary
thick ascending tubules.
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Methods
Male Sprague-Dawley rats weighing 300 to 320 g and allowed
free access to water were used for all experiments. Isolated
perfusion of the right kidney was performed according to the
method of Ross, Epstein and Leaf [7]. The perfusion medium
consisted of a Krebs-Ringer-Henseleit solution containing (in
mM): Na 143; K 4.5; bicarbonate 24; Ca 2.5; Mg 1.2; phosphate
1.2; pH 7.4 when gassed with 5% C02, 95% 02; and bovine
serum albumin at a concentration of 6.7 g/dl.Glucose at 5 mM
was added to all experiments. All perfusions were carried out
for 90 minutes. Urine collections and samples of perfusate were
obtained for clearance measurements every 10 minutes.
Kidneys were perfused at a constant pressure of 100 mm Hg
at the catheter tip. The rate of perfusate flow was monitored by
a Brooks flowmeter, in line. Glomerular filtration rate was
estimated from the clearance of 14C inulin (New England
Nuclear, Boston, Massachusetts, USA). Fractional sodium
reabsorption was calculated from the concentration in the
perfusate and urine, and the inulin clearance.
Morphological techniques
The morphology of the kidneys in each group was examined.
A three-way stopcock was incorporated into the circuit 5 cm
from the arterial cannula to allow perfusion with the fixation
solution, at the same pressure applied during the functional
study, for an additional five to eight minutes. The fixative
solution contained 1.25% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4. The sections were postfixed in buffered 2%
0s04, dehydrated and embedded in araldite-epon 812 mixture.
Large 3 X 3 mm 1 micron sections of the outer medulla were cut
and examined by light microscopy.
The histological evaluation was completed by Dr. S. Rosen in
a "blinded" fashion; that is, without knowledge of the experi-
mental condition. Three zones of the inner stripe were ana-
lyzed: upper third (A): all medullary thick ascending limbs
(mTAL5) intersecting a line immediately adjacent to the outer
stripe (within — 0.2 mm); middle third (B): all mTALs inter-
secting a line drawn midway between the borders of the inner
stripe; and lower third (C): all mTALs intersecting a line
immediately adjacent to the inner medulla (within —0.2 mm).
These points were chosen for analysis because they provided
areas in which topographical landmarks were easily ascer-
tained. A percentage score was used to indicate the fraction of
tubules involved with minimal to mild changes (chromatin
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margination, minor degrees of mitochondrial swelling), moder-
ate changes (blatant mitochondrial swelling with extensive
nuclear pyknosis), or severe changes (blatant mitochondrial
swelling with extensive nuclear pyknosis and cell fragmenta-
tion). Between 80 and 270 tubules (mean 130) were evaluated
per kidney.
Dispersed rat mTALs
For isolation of thick ascending limb tubules from rat kidney,
the procedure followed was that of Trinh-Trang-Tan et a! [8].
The rats were anesthetized with Inactin/pentobarbital (50/10
mg) intraperitoneally, the kidneys were removed via an abdom-
inal incision and placed in ice-cold saline. The kidneys were
then decapsulated, cut sagitally and the outer medulla dissected
out. The outer medulla of four kidneys was then forced through
a square of gauze to obtain cubes approximately 1 mm wide.
The cubes of outer medulla were then incubated for five
minutes in 15 ml of Ringer's containing 0.2% collagenase (150
Jmg) in a 50 ml conical centrifuge tube at 37°C. The tissue
suspension was constantly stirred by bubbling with air from the
bottom of the tube. At the end of this incubation the suspension
was vortexed, the tissue allowed to settle to the bottom of the
tube and the supernatant discarded. The tissue was resus-
pended in 15 ml of Ringer's containing 0.2% collagenase and
incubated for 15 minutes at 37°C while bubbling with air. At the
end of the incubation the tissue suspension was layered over a
90 Lm nylon mesh. The tissue was rinsed with 15 ml of 37°C
Ringer's. The mesh was then inverted and the tissue washed off
into a conical centrifuge tube. The large clumps of tissue were
allowed to settle to the bottom of the tube and the supernatant
removed and centrifuged at 85 x g for five minutes to collect the
separated tubules. The undigested portion of the tissue was
resuspended in 15 ml of Ringer's collagenase and redigested.
This step was repeated for a total of three times. The tubules
were resuspended in approximately 1 ml of Ringer's. The
tubules collected from the three digestions were pooled to-
gether, centrifuged once more and resuspended in Ringer's.
Oxygen consumption of dispersed mTALs
The consumption of oxygen by the isolated tubules was
measured using a Clark type polarographic oxygen electrode in
a thermostated constant temperature cell (37°C) with constant
stirring. The buffer used for suspending the tubules and for
filling the measured chamber was of the following composition
(in mM): NaCl 137; KC1 5; Na2HPO4 0.33; KM2PO4 0.44; MgCI2
1; CaCI2 1; MgSO4 0.8; Tris HCI 20 at pH of 7.4. The volume of
measurement ranged between 1.5 and 2 ml. The rate of oxygen
consumption was recorded continuously. Glucose 5 ms, pyru-
vate 10 m and acetate 2 m were added to the chamber prior
to the addition of tubules. The mass of tubules usually was
between 8 to 15 mg in 0.1 to 0.15 ml of buffer. All subsequent
additions were done via a side port in volumes that did not
exceed 1% of the volume in the incubation chamber. The rate of
oxygen consumption was calculated from the slope of the
recorded curve by measuring its angle against the 150 mm Hg
oxygen baseline and calculating its tangent.
When the measurement of oxygen consumption was ended, a
measured aliquot of the tubule suspension was removed and
centrifuged in a tared centrifuge tube in a Eppendorf microcen-
trifuge. After centrifugation the supernatant was removed and
the inside of the centrifuge tube carefully dried with filter paper.
The tube was then reweighed to determine wet weight of he
packed tubules. Results were expressed as mol of 02 con-
sumed per minute per gram weight weight of tubules.
Statistical analysis
Results are presented as mean SEM. Student's f-test and
one-way analysis of variance with the Newman-Keuls test were
used for comparison of different groups.
Results
Effect of glycine on mTAL damage during normoxia
The addition of 2 mM glycine to the recirculating perfusate
remarkably reduced the morphological damage usually pro-
duced in thick limbs of the renal medulla during isolated
perfusion. In control kidneys, perfused with 5 m'vi glucose and
oxygenated with 95% 02/5% C02, 86 4% of mTALs in the
midzone (zone B) and 76 5% of mTALs in the deepest zone
(zone C) of the inner stripe of the outer medulla showed severe
damage after 90 minutes of perfusion (Table 1, Fig. IA). When
glycine was incorporated in the perfusate, these percentages
were reduced to 7 2% in zone B and less than 1% in zone C;
that is, severe damage was almost completely prevented (Fig.
lB). Glycine also improved renal function in these perfused
kidneys. Although GFR at 60 minutes was not significantly
altered by glycine, fractional reabsorption of sodium was dis-
tinctly higher (94 1%) than in control kidneys (89 0.5%).
The rate of perfusate flow was not altered by glycine (Table 1).
Effect of glycine on mTAL damage caused by hypoxic
perfusion, indomethacin and amphotericin
Severe damage to mTAL tubules in perfused kidneys is
exaggerated by reducing the p02 of the perfusate to 40 mm Hg
(hypoxic perfusion). Hypoxic injury to the mTAL is also
increased by amphotericin [9] and by inhibiting the synthesis of
prostaglandins with indomethacin [10]. Glycine was effective in
preventing severe mTAL injury produced by each of these
procedures (Table 1). Marked suppression of mTAL injury in
the presence of indomethacin is strong evidence against the
mediation of glycine's protective action by prostaglandins.
Effect of L-NMMA on the protective action of glycine
To see whether the effect of glycine might be mediated
through stimulation of nitric oxide (NO), a potent endothelial-
derived vascular relaxing factor 1111, we added the arginine
analogue, N'-monomethyl-!-arginine (L-NMMA), a competi-
tive inhibitor of the conversion of 1-arginine to NO, to the
recirculating perfusate. At a concentration of 0.3 m,
L-NMMA doubled renal vascular resistance, reducing the flow
of perfusate by about 50% and GFR by about 40%. The
percentage of severely damaged mTALs in zone B averaged 94
1.8% and in zone C 80 5%. In the presence of L-NMMA,
the protective effect of glycine was unimpaired. Severe injury to
mTALs was almost eliminated. Both GFR and fractional reab-
sorption of sodium were improved by glycine, even though the
rate of perfusate flow remained low (Table 1),
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Table 1. Effect of glycine on renal structure and func tion in perfused kidney
cIn
mug wet wt/min FRNa %
1low
mug wet wtlmin
% Severe damage to mTALs
Zone A Zone B Zone C
Control (8)
Glycine (7)
1-alanine (6)
0.42 0.046
0.47 0.035
0.47 0.021
88.6 0.45
94.2 1.Oa
93.8 O.9a
28.8 1.6
29.0 1.3
24.9 1.0
22.8 6.5
0.2 0.2
1.6 l,2
85.8 3.8
7.0 2.1
40.1 15
75.8 5.0
0.6 O.4
13.3 5a,d
Low 02 (6)
Low 02 +
glycine (6)
Low 02 + 1-
alanine (6)
0.06 0.005
0.13 0024b
0.08 0.005
24.8 4.2
53.1 4.Oa
43.5 33a
27.3 3.8
23.8 1.3
27.2 1.02
55.6 15.7
0.4 0.4a
0.2 0.2
98.6 0.92
7.8 3.2a
30.8 14.2k'
97.9 0.9
1.65 Q•95a
8.2 5
Indomethacin (4)
Indomethacin +
glycine (6)
Indomethacin +
1-alanine (6)
0.33 0.026
0.42 0.027
0.425 0.046
92.7 1.7
95.9 0.6
89.3 l.3IC
26,9 1.1
25.3 1.3
27.6 1.18
5.8 2.9
0.15 0.01
0.16 0.16
92.9 2.65 7,7b
60.5 10
88.8 5.5
5,5 1.8a
25.5 8.5
Amphotericin (4)
Amphotericin +
glycine (5)
0.32 0.027
0.415 0.042
88.9 1.4
91.4 1.1
30.3 0.75
31.5 1.23
6.48 2.3
0.3 0.l9l
90.9 2.4
21.3 13.S
93.4 3.5
2.0 1.oa
L-NMMA (6)
L-NMMA +
glycine (6)
0.25 0.02
0.449 0.014a
92.1 1.49
96.4 0.7"
15.4 0.43
16.1 1.32
6.7 2.6
0
94.2 1.76
1.15 o.7
80.0 5.6
11 0.9k
a Significantly different from experiments without amino acid, P < 0.01.
"Significantly different from experiments without amino acid, P < 0.05.
C Significantly different from experiments with glycine, P < 0.01.
d Significantly different from experiments with glycine, P < 0.05.
Effect of other amino acids
Though not as effective as glycine, alanine exerted substan-
tial protection against medullary thick limb injury, reducing the
percentage of severe injury in all three zones of the inner stripe
(Table 1). L-alanine also partially prevented the damage caused
by perfusions containing indomethacin or low 02. Other amino
acids tested, including 1-serine, glutamine, glutamate, cysteine
plus glutamate, and 4-aminoisobutyric acid (all at concentra-
tions of 2 mM) had little or no effect in preventing severe mTAL
injury (Fig. 2).
Effect of benzoate and hippurate on the action of glycine
Because glycine participates in detoxification of carboxylic
acids via conjugation by a reaction catalyzed by glycine N-acyl
transferase [121, we examined the effects of a substrate of this
reaction, benzoate, and a product, glycyl benzoate (hippurate).
Neither benzoate (N = 3) nor hippurate (N = 5) at a concen-
tration of 10 m altered the protective effect of 2 mri glycine in
perfused rat kidneys (0 to 1% damage in deep mTAL tubules).
Failure of glycine to inhibit thick ascending limb respiration
We measured the effect of glycine, 2 m, on oxygen con-
sumption of dispersed thick ascending limbs. Glycine was
added after tubules had been incubated in the absence of
substrates as well as in the presence of glucose and of glucose,
pyruvate and acetate. In no case did glycine inhibit oxygen
uptake. Instead, the addition of glycine was associated with a
slight increase of respiration (15 to 17%) under all three condi-
tions (Table 2).
In a separate series of experiments, we measured the uptake
of radioactive glycine into separated thick ascending limb
tubules. There was a time-related increase in intracellular
radioactivity over a period of one hour, but the intracellular
concentration at sixty minutes never exceeded the concentra-
tion of glycine in the bath; in three different experiments the
tissue-bath ratio averaged 0.3.
Discussion
The structural damage that develops in the medullary thick
ascending limb of perfused rat kidneys, thought to be caused by
hypoxia [2], is attenuated by the addition of a mixture of 20
physiological amino acids including glycine to the perfusate [3].
Anatomical damage is prevented as well by the addition of
glutathione alone, or its three amino acid precursors, glycine,
cysteine and glutamic acid; nevertheless, selective depletion of
glutathione does not reproduce the lesion [13]. The present
experiments show that glycine, and to a lesser extent, alanine,
exert a marked protective effect on the structural integrity of
the mTAL in isolated perfused kidneys.
Glycine has been shown by Weinberg and his associates to
reduce functional signs of anoxic injury to isolated proximal
tubules prepared from rabbit kidneys [4]. Like glutathione,
glycine did not prevent cellular depletion of ATP and potassium
during exposure to anoxia, but permitted more rapid recovery
of these constituents when the tubules were re-exposed to
oxygen [5]. These experiments were confirmed by Mandel,
Schnellmann and Jacobs [6], who found that alanine was also
protective, though to a lesser degree, and speculated that the
protective action was exerted at or near the plasma membrane.
Cytoprotection by L-alanine against anoxic injury was also
demonstrated in rabbit proximal tubules by Garza-Quintero et
al [14]. Glycine protects against the lethal proximal tubular
changes produced by exposing dispersed rabbit tubules to
ouabain, but does not prevent cell deterioration induced by
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Fig. 1. Histological appearance of the inner strip of outer medullar with and without glycine perfusion. A. In control perfusions, extensive injury
to the mTAL is evident. The lining epithelium is fragmented forming irregular luminal contours, and nuclei are pyknotic. In contrast, collecting
ducts (*) are well-maintained. x400. B. If 2 msi glycine is included in the perfusate, the mTALs are generally preserved, showing limited changes
(chromatin margination, edema, and mild mitochondrial swelling). Luminal membranes (in contrast to A) are quite regular as are those of collecting
ducts (*). x400.
exposure to high concentrations of potassium [15]. Glycine has functional deterioration and the release of cellular enzymes
also been reported to reduce single nephron malfunction pro- [171.
duced by injecting uranyl nitrate into the lumen of proximal The results of the present experiments further extend the
tubules [16]. In isolated perfused kidneys, the addition of 5 m scope of glycine's protective action to the medullary thick
glycine, d-alanine, l-alanine, or beta-alanine tends to prevent ascending limb of perfused kidneys. This portion of the nephron
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Fig. 2. Effect of various amino acids on severe
morphological damage to mTALs in zones B and
C of the inner stripe of Outer medulla in perfused
rat kidneys. Each bar represents the mean SE
of 5 or more experiments with the exception of
glutamate (N = 2).
Table 2. Effect of glycine on respiration of dispersed mTALs
Substrate Q02 p.mlhr/g
None
Glycine (2 mM)
+ Ouabain (1 mM)
7.72 1.24
9.00 1.27a
755
Glucose (5 mM)
+ Glycine (2 mM)
+ Ouabajn (1 mM)
6.48 1.28
7.45 l.23a
5.14 116b
Glucose (5 mM)
Pyruvate (10 mM)
Acetate (2.5 mM)
+ Glycine (2 mM)
+ Ouabain(l mM)
7.28 1.42
8.07 1.20
5.07 073b
N = S for all experiments.
a p < o.os
b P < 0.01
is quite different from the proximal tubule in structure, trans-
port characteristics, membrane permeability, and metabolic
capabilities. The action of glycine was relatively specific in that
it was shared to some extent by, 1-alanine, but by no other amino
acid tested. It seems unlikely, therefore, that the mode of
protection involved a diminution in the work of the thick limb as
a result of an increase in proximal tubular reabsorption of
sodium cotransported with amino acids. The striking improve-
ment in histological appearance of the medullary tubules of
kidneys perfused with glycine was accompanied by functional
improvement as well, evidenced by a higher fractional reab-
sorption of sodium and in some experiments, an improved
glomerular filtration rate. Theoretically, this might be expected
to increase oxygen consumption and hence increase mTAL
injury [2]. Indeed, however, the protective effect of glycine was
fully in evidence during hypoxic as well as normoxic perfusion,
and in kidneys perfused with amphotericin, which normally
exacerbates hypoxic injury to the mTAL [9]. Protection af-
forded by glycine was not minimized by indomethacin or by
L-NMMA, indicating that it was not mediated via prostaglan-
dins or by generation of the endogenous vasodilator, nitric
oxide.
Weinberg et al suggested that glycine might protect renal cells
from injury via glycine N-acyl transferase [4], a mitochondrial
enzyme contained in kidney and liver, which conjugates the
CoA derivative of certain amino acids with carboxylic acids [12,
18, 19]. In slices of rat kidney, 1-alanine as well as glycine is able
to conjugate benzoate in this reaction [20—22]. Glycine might be
cytoprotective by conjugating potentially toxic fatty acids pro-
duced by the hydrolysis of membrane lipids at an early stage of
cell injury [23]. In the present experiments we sought to inhibit
such conjugation, first by supplying large amounts of a compet-
ing substrate, benzoic acid, and second, through end-product
inhibition, by adding glycyl benzoate (hippurate) to the recir-
culating perfusate. Neither maneuver impaired the protective
action of glycine. These experiments are not conclusive since
we do not know whether glycine transferase is present in mTAL
cells, nor, if it is, whether the concentrations of benzoate and
hippurate employed in these experiments were sufficient to
inhibit the enzymatic reaction. Since glycine is poorly concen-
trated in mTAL cells, it appears unlikely that considerable
scavenging of fatty acids with glycine could occur within the
mTAL.
Although regional flow of perfusion medium to the medulla
could not be measured in these experiments, it is noteworthy
that renal vascular resistance and perfusate flow to the whole
kidney were not altered by glycine. While damage to the mTAL
of perfused kidneys can be reduced by inhibiting transport-
related respiration, as with ouabain or loop diuretics [2, 24], we
have been unable to demonstrate any inhibitory effect of glycine
on oxygen uptake by dispersed mTAL tubules.
The striking effectiveness of glycine in reducing medullary
injury in perfused kidneys suggests that it might have some
practical application in the prevention or treatment of ischemic
and/or toxic injury to the renal medulla.
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